Aberrant expression of miR-511 is involved in the development of cancer, but the role of miR-511 in hepatocellular carcinoma (HCC) is not well documented. In this study, we explored the molecular mechanisms of miR-511 in hepatocarcinogenesis. Our results of bioinformatics analysis suggested that B cell translocation gene 1 (BTG1), a member of anti-proliferative gene family, was one of the putative targets of miR-511. The expression levels of miR-511 were significantly higher in 30 clinical HCC tissues than in corresponding peritumor tissues, and were negatively correlated with those of BTG1 in the HCC tissues (r=-0.6105, P<0.01). In human hepatoma cell lines HepG2 and H7402, overexpression of miR-511 dose-dependently inhibited the expression of BTG1, whereas knockdown of miR-511 dose-dependently increased the expression of BTG1. Luciferase reporter gene assays verified that miR-511 targeted the 3'UTR of BTG1 mRNA. In the hepatoma cells, overexpression of miR-511 significantly decreased BTG1-induced G 1 phase arrest, which was rescued by overexpression of BTG1. Furthermore, overexpression of miR-511 promoted the proliferation of the hepatoma cells, which was rescued by overexpression of BTG1. Conversely, knockdown of miR-511 inhibited cell proliferation, which was reversed by knockdown of BTG1. In conclusion, miR-511 promotes the proliferation of human hepatoma cells in vitro by targeting the 3'UTR of BTG1 mRNA.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world [1] , and the second leading cause of cancer death, with 700 000 deaths annually [2] [3] [4] . Moreover, the dysregulation of various genes contributes to the development and progression of HCC, making it a sophisticated and intractable disease [5] [6] [7] . Despite extensive research efforts, the prognosis of HCC remains poor, and the overall 5-year survival rate worldwide is only approximately 3% [8] . Hence, the precise mechanisms of hepatocarcinogenesis urgently need to be defined at different molecular levels.
MicroRNAs (miRNAs), a class of endogenous non-coding small RNAs containing approximately 22 nucleotides, can post-transcriptionally regulate gene expression [9, 10] . By directly binding to the 3'-untranslated region (3'UTR) of their target mRNAs, miRNAs can mediate the degradation and/or repress the translation of these mRNAs [11, 12] . miRNAs are involved in a variety of biological processes, including cell growth, differentiation, apoptosis, cell cycle regulation, embryonic development and disease progression [13] [14] [15] , and accumulating evidence indicates that miRNA expression is significantly dysregulated in different human cancers and that miRNAs can act as oncogenes or tumor suppressor genes to regulate tumorigenesis, progression and metastasis [12, 16] . Specifically, previous reports revealed that miR-511 participated in the propagation of several cancers, such as lymphoblastic leukemia, lung adenocarcinoma and ovarian epithelial tumors [17] [18] [19] . However, the role of miR-511 in HCC is not well documented.
B cell translocation gene 1 (BTG1), which was originally identified as a translocation partner of the c-Myc gene in a case of B-cell chronic lymphocytic leukemia, belongs to the BTG anti-proliferative protein family (also known as transducer of ErbB2) [20, 21] . Human BTG1, which is localized to chromosome 12q22, is ubiquitously distributed in different tissues [20, 22, 23] . Its expression peaks in the G 0 /G 1 phases of the cell cycle and decreases when the cells progress through G 1 phase [24, 25] . Additionally, it is an important cofactor affecting cell proliferation, differentiation, apoptosis, angiogenesis and survival. As a tumor suppressor, BTG1 is involved in the pathogenesis of several diseases, including breast cancer, multiple sclerosis, ovarian cancer and prostate cancer [26] [27] [28] [29] [30] [31] [32] [33] . In hepatocellular carcinoma, BTG1 expression is decreased, and it has recently been reported that BTG1 ameliorates liver steatosis by decreasing stearoyl-CoA desaturase 1 (SCD1) levels and altering hepatic lipid metabolism [34] . However, the underlying regulatory mechanism of BTG1 in HCC remains poorly understood.
In the present study, we investigated the significance of miR-511 in liver cancer. Interestingly, our data show that miR-511 promotes the proliferation of hepatoma HepG2 and H7402 cells by directly targeting the 3'UTR of BTG1 mRNA. Our findings provide new insights into the mechanisms by which miR-511 modulates the development of HCC.
Materials and methods

Patient samples
The thirty HCC tissues and their corresponding nearby peritumorous liver tissues utilized in this study were obtained from the Tianjin First Central Hospital (Tianjin, China) after surgical resection. Written consent was obtained from each patient approving the use of their tissue for research purposes after surgery. All study procedures were in compliance with the regulations of the Institute of Research Ethics Committee at Nankai University (Tianjin, China). The medical records of the patients are listed in Supplementary Table S1 .
Cell lines and cell culture
The human hepatoma cell lines HepG2 and H7402 [16] were maintained in Dulbecco's modified Eagle's medium and RPMI medium 1640, respectively (Gibco, CA, USA). The media were supplemented with heat-inactivated 10% fetal bovine serum (FBS, Gibco, CA, USA), 100 U/mL penicillin and 100 mg/mL streptomycin in 5% CO 2 at 37 °C.
Plasmids and construction of the 3'UTR of BTG1 The fragment containing the coding sequence (CDS) of BTG1 was cloned into the pcDNA3.1 vector, and a 326 bp fragment containing the target site of miR-511 in the 3'UTR region of BTG1 mRNA was cloned into the pGL3-control vector (Promega, Madison, WI, USA) immediately downstream of the stop codon of the luciferase gene to generate pGL3-BTG1-wt. A mutant construct of the BTG1 3'UTR (named as pGL3-BTG1-mut) in which 7 nucleotides in the core seed sequence of miR-511 were substituted was generated using overlapping extension PCR. The following primers were used to construct these vectors: pcDNA3.1-BTG1 forward, 5'-CCGGAATTCAT-GCATCCCTTCTACACC-3', reverse, 5'-GCTCTAGAACCT-GATACAGTCATCATAT-3'; pGL3-BTG1-wt forward, 5'-GCTCTAGATTTCAGTTTCTCCCAGACATA-3', reverse, 5'-GGGGGCCGGCCAGATTCTGGTCACTTGCTACT-3'; pGL3-BTG1-mut forward, 5'-TGTATAAATGTACATTTTCT-GTAACTAGTAAGCATGA-3', reverse, 5'-TCATGCTTAC-TAGTTACAGAAAATGTACATTTATACA-3'.
RNA extraction, reverse-transcription and quantitative real-time polymerase chain reaction (qRT-PCR) Total RNA was extracted from cells (or tissues) using TRIzol reagent (Invitrogen, UK), and first-strand cDNA was synthesized as reported previously [35] . To detect mature miR-511, total RNA was polyadenylated using poly (A) polymerase (Ambion, Austin, TX, USA) according to the manufacturer's protocol. Reverse transcription was performed using poly (A)-tailed total RNA and a reverse transcription primer with ImPro-II Reverse Transcriptase (Promega, Madison, WI, USA) as reported previously [36] . QRT-PCR was performed on a BioRad sequence detection system according to the manufacturer's instructions using double-stranded DNA-specific Fast Start Universal SYBR Green Master Mix (Roche, Indianapolis, IN, USA). All experiments were conducted in duplicate in three independent assays. Relative fold-changes in transcription were calculated using the 2 -ΔΔCt method [37] . β-Actin was used as an internal control for normalization, and U6 was used as an internal control to normalize miR-511 levels. The following primers were used: BTG1 forward, 5'-CATCTC-CAAGTTTCTCCGCACC-3', reverse, 5'-GCGAATACAACG-GTAACCCGATC-3'; β-actin forward, 5'-CTTAGTTGCGTTA-
Cell transfection
The cells were cultured in a 6-well or a 24-well plate for 24 h and then transfected with plasmids, miRNAs or smallinterfering RNA (siRNAs). All transfections were performed using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. BTG1 siRNA and non-specific scrambled control oligonucleotides, miR-511 (or anti-miR-511), miRNA control and anti-miRNA control were synthesized by RiboBio (Guangzhou, China). The siRNA duplex sequences used were as follows: si-BTG1-1, 5'-AGCTGTAAGGAGGAACTTCdTdT-3'; si-BTG1-2, 5'-CAACCCAGAGTGTGAGTTCdTdT-3'.
Protein extraction and western blot analysis Total protein was extracted from the cells using radio-immunoprecipitation assay (RIPA, Solarbio, China) buffer according to the manufacturer's protocol. Western blotting was conducted as described previously [1] using rabbit anti-BTG1 polyclonal antibody (Abgent, USA) and mouse anti-β-actin mono- 
Flow cytometry analysis
For cell cycle analysis, HepG2 and H7402 cells were harvested 48 h after transfection with the indicated reagents and washed twice with cold PBS. The washed cells were fixed in 75% ethanol at 4 °C overnight and then rinsed twice with PBS before being treated with 50 μg/mL propidium iodide solution (Sigma, St Louis, MO, USA) containing 50 μg/mL Rnase A (Sigma) at 37 °C for 60 min. Stained cells were analyzed on a FACScan flow cytometer (Becton Dickinson, Bedford, MA, USA).
MTT assays
HepG2 and H7402 cells were seeded onto 96-well plates (1000 cells/well) for 24 h before transfection, and MTT assays were used to assess cell proliferation every day from the first day until the third day after transfection according to a previously described protocol [11] .
Colony formation assays Forty-eight hours after transfection with the indicated reagents, approximately 1000 viable treated cells were plated in 6-well plates and maintained in complete medium for approximately 2 weeks. Resultant colonies were fixed with methanol and stained with crystal violet. All assays were repeated at least three times. The colonies were counted using a dissecting microscope, and the colony formation efficiency was also calculated.
Luciferase reporter gene assays HepG2 and H7402 cells were transferred into 24-well plates at a density of 3×10 4 cells per well. After 24 h, the cells were transiently co-transfected with the pRL-TK plasmid (Promega, Madison, WI, USA) containing the Renilla luciferase gene, which is used for internal normalization, and various constructs containing the seed sequence or mutant seed sequence of the BTG1 3'UTR. At 48 h post-transfection, a standard dual luciferase reporter gene assay was performed, and the results were normalized using pRL-TK. All experiments were performed at least three times.
Statistical analysis
Each experiment was repeated at least three times. Statistical significance was assessed by comparing mean value±standard deviation (SD) using Student's t test for independent groups. *P<0.05, **P<0.01, and ***P<0.001 indicated significant differences, and non-significant differences were denoted by NS. Pearson's correlation coefficient was used to determine the correlation between the levels of miR-511 and BTG1 mRNA in HCC tissues.
Results miR-511 is up-regulated and its expression is inversely correlated with BTG1 expression in clinical HCC tissues miR-511 reportedly participates in the propagation of several cancers [17] [18] [19] , indicating that miR-511 is crucial for tumorigenesis. However, the role of miR-511 in HCC is not well documented. In this study, a qRT-PCR analysis revealed that the expression levels of miR-511 were much higher in HCC tissues than in adjacent peritumor tissues ( Figure 1A ), suggesting that miR-511 plays important roles in hepatocarcinogenesis. To [16, [38] [39] [40] . Interestingly, we observed that BTG1, a member of an anti-proliferative gene family, was one of the putative targets with high predicted scores. Because BTG1 contributes to cell growth, differentiation, apoptosis, angiogenesis and survival in various cancers [27, 32, 34, 41] , we focused on the investigation of BTG1. Interestingly, the expression levels of BTG1 were much lower in HCC tissues than in adjacent peritumor tissues ( Figure 1B) . Next, we evaluated the relationship between the expression levels of miR-511 and BTG1 in 30 clinical HCC tissues. As expected, we demonstrated that the expression levels of miR-511 had a significant negative correlation with those of BTG1 mRNA in the above HCC tissues (Pearson's correlation coefficient r=-0.6105, P<0.01) (Figure 1C ), suggesting that miR-511 might target BTG1 mRNA in HCC tissues. Thus, we conclude that miR-511 is up-regulated and that its expression inversely correlates with that of BTG1 in clinical HCC tissues. showed that the overexpression of miR-511 was able to dosedependently down-regulate BTG1 at the mRNA and protein levels (Figure 2A and 2B) . On the contrary, the expression levels of BTG1 were increased in HepG2 and H7402 cells when the endogenous miR-511 was impaired by anti-miR-511 (Figure 2C and 2D ), indicating that miR-511 inhibits BTG1 expression. Transfection efficiency was validated by qRT-PCR (Figure 2A-2D ). Taken together, we conclude that miR-511 is able to suppress the expression of BTG1 in hepatoma cell lines.
miR-511 inhibits the expression of BTG1 by directly targeting its mRNA 3'UTR To gain insight into the mechanism by which miR-511 inhibits BTG1, we identified the miR-511 binding site in the 3'UTR of BTG1 mRNA using a bioinformatics analysis ( Figure 3A) . Accordingly, we cloned the 3'UTR of BTG1 mRNA (or its mutant) into the downstream region of the pGL3-control luciferase reporter gene vector (named pGL3-BTG1-wt or pGL3-BTG1-mut) ( Figure 3B ). Luciferase reporter gene assays indicated that miR-511 remarkably suppressed the luciferase activities of pGL3-BTG1-wt in HepG2 and H7402 cells in a dose-dependent manner, but luciferase activities were not suppressed when its seed sequence was mutated ( Figure 3C and 3D). Moreover, abolishing endogenous miR-511 expression with anti-miR-511 resulted in the increase of luciferase activities of the pGL3-BTG1-wt but not of the pGL3-BTG1-mut ( Figure 3E and 3F) . Therefore, we conclude that miR-511 can inhibit the expression of BTG1 by directly targeting the 3'UTR of BTG1 mRNA in hepatoma cells.
miR-511 promotes the proliferation of HCC cells by reducing BTG1-induced G 1 phase arrest
Given that the expression of BTG1 is highest in the G 0 /G 1 phases of the cell cycle and is down-regulated when cells progress through the G 1 phase [20, 24] , we examined the impact of miR-511 on the cell cycle using flow cytometry. Interestingly, our results showed that the overexpression of miR-511 reduced the percentage of HepG2 and H7402 cells in G 1 phase, but that the overexpression of BTG1 rescued the miR-511-induced decrease in cells in G 1 phase (Figure 4A and 4B) . Thus, we conclude that miR-511 promotes the proliferation of HCC cells by reducing BTG1-induced G 1 phase arrest.
miR-511 promotes the proliferation of HCC cells by inhibiting BTG1 Next, we investigated the effect of miR-511 on the proliferation of hepatoma cells. MTT assays demonstrated that cell proliferation capacity was increased when HepG2 and H7402 cells were transfected with miR-511, but that overexpression of BTG1 could efficiently block the event mediated by miR-511 in the cells. Conversely, anti-miR-511 could decrease cell proliferation, and the co-transfection of anti-miR-511 and BTG1 siRNA abolished the anti-miR-511-induced attenuation of cell proliferation ( Figure 5A and 5B). Moreover, these results were validated in colony formation assays ( Figure 5C and 5D), which suggested that miR-511 promotes the proliferation of hepatoma cells by inhibiting BTG1. Furthermore, the efficiency of BTG1 siRNA transfection in HepG2 cells was validated by Western blotting ( Figure 5E ). Thus, we conclude that miR-511 promotes the proliferation of hepatoma cells by inhibiting BTG1.
Discussion
HCC is one of the most malignant cancers worldwide and involves multiple alterations of signaling pathways and the dysregulation of oncogene or anti-oncogenes [3, 42] . Moreover, miRNA networks have been reported to be associated with hepatocarcinogenesis via distinct mechanisms, such as the suppression of gene expression by a RNA-induced silencing complex, which mediates mRNA cleavage or translational repression by binding to the 3'UTR of target mRNAs [43] . The aberrant expression of miR-511 is crucial for various cancers, such as ovarian epithelial tumors, lymphoblastic leukemia and lung cancer [17] [18] [19] , but the role of miR-511 in HCC is poorly understood. Thus, we investigated the significance of miR-511 in hepatocarcinogenesis.
To better understand the significance of miR-511 in liver cancer, we evaluated the expression levels of miR-511 in 30 pairs of clinical HCC tissues and their adjacent peritumor tissues. Interestingly, we found that the expression levels of miR-511 were much higher in HCC tissues than in their adjacent peritumor tissues. To identify the mechanism of action of miR-511, we predicted the target genes of miR-511 using bioinformatics tools, which identified BTG1, a member of an anti-proliferative gene family, as a putative target gene. BTG1 reportedly plays important roles in cell growth, differentiation, apoptosis, angiogenesis and survival in various cancers [5, 6] , and it negatively regulates cell proliferation and serves as a novel prognostic indicator of hepatocellular carcinoma [20] . Therefore, we focused on investigating BTG1. To this end, we examined the association between miR-511 and BTG1 expression in clinical HCC samples. As expected, the expression levels of miR-511 were negatively correlated with those of BTG1 mRNA in the above samples, which suggests that miR-511 may target BTG1. Moreover, we found that miR-511 inhibited the expression of BTG1 at the mRNA and protein levels in hepatoma cells by targeting the 3'UTR of BTG1 mRNA. It has been reported that BTG1 also plays crucial roles in cell cycle regulation. Specifically, its expression peaks in the G 0 /G 1 phases of the cell cycle and decreases when the cells progress through G 1 [44] [45] [46] . Furthermore, BTG1 negatively regulates the cell cycle in hepatocellular carcinoma [47] . Therefore, we examined the impact of miR-511 on the cell cycle in hepatoma cells. As expected, our results showed that miR-511 promotes the proliferation of HCC cells by reducing BTG1-induced G 1 phase arrest, which supports the idea that miR-511 promotes the proliferation of HCC cells by modulating the cell cycle. Functionally, we demonstrated that miR-511 promoted the proliferation of hepatoma cells by inhibiting BTG1 in vitro.
Previous studies showed that miR-511 is overexpressed in B-cell acute lymphoblastic leukemia [18] , and miR-511 expression levels were negatively associated with the overall survival of patients with HCC [48] . Our data are consistent with these reports. However, some other studies reported that miR-511 is down-regulated in HCC tissues [39, 49, 50] . This discrepancy may be related to the heterogeneity of tumors. In this study, our data support the idea that miR-511 promotes the proliferation of hepatoma cells because its target gene, BTG1, is an important inhibitor of proliferation. Additionally, we partially elucidated the role of miR-511 in HCC in this study; miR-511 may also promote cell proliferation via other target genes, and other functions of miR-511 need to be further investigated. Therapeutically, miR-511 may serve as a potential target for the treatment of HCC.
In summary, in this study we report that miR-511 is able to promote the proliferation of hepatoma cells by targeting the 3'UTR of BTG1 mRNA. This finding provides new insights into the roles of miR-511 in hepatocarcinogenesis.
